· 2.2. Chaotic Behavior of the Logistic Map
The logistic map is a classic example of chaotic behavior, and it is found to be strongly related to frictional vibration. The sound generated by the logistic map, with the parameter l in equation (1) varying from 0.75 to 1, is considered in [4] . This following slight modification of the program has a frequency spectrum similar to a scratching sound. One of the major modifications is that the sample rate is increased to 16 kHz. An annoying chilling reaction appears to coincide with the logistic system entering or leaving a chaotic phase.
· 2.3. Representation of Stick-Slip Motion
The scratching model described above is a periodic slip model. Frictional motions in general are described as stick-slip phenomena. One of the most beautiful sounds to many people is that produced by bowing a violin or other stringed instrument. On the other hand, the sound produced by scratching a chalkboard with the fingernails is usually considered highly annoying. In both cases, however, the mechanism for producing sounds is the same, that is, the stick-slip phenomenon of a frictional system. This consists of a repetition of a stick stage and a slip stage. Figure 3 shows the sound for the actual stickslip motion of a bowed string. Periodic motions are observed, with each period showing a steep rising motion followed by an interval of decrease. The former corresponds to the slip stage, the motion of short duration. The latter corresponds to the stick stage, where the string moves at a constant speed along with the bow and continues until the slip occurs.
To import the stick-slip property into the logistic model, we introduce the following rules: (1), transition occurs immediately. This is the slip motion.
(b) If x n+1 < x n , the value of x within ( x n+1 , x n ) decreases linearly at a constant speed Dx. This is the stick motion, and the value Dx determines the speed of the bow.
Thus we obtain the following modified logistic map representing the stick-slip phenomenon. Here we show the behavior of the modified logistic model. The value l gives the height of the parabola and can be varied from 0.5 to 1, while x 0 is the initial value of x.
First we define the logistic function f. 
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The value l is modulated sinusoidally between 0.901 and 0.911. 
ü Randomly Modulated Model
The value l is modulated with a lowpass-filtered random noise. Scratching sounds often produce a strongly uncomfortable sensation, but what causes this feeling remains to be understood. This article does not intend to answer this question, but instead presents models to produce such sounds. As described above, scratching sounds are strongly related to chaos, but chaos in a steady state does not necessarily cause an unpleasant reaction. It might be conjectured that entering or leaving a chaotic domain might be the main factor in this psychoacoustic phenomenon. Figure 2 from section 2.2 gives the sound generated by the logistic map with l varied from 0.9 to 0.95 at a sample rate of 16 kHz. Figure 9 shows the bifurcation diagram and the corresponding Lyapunov exponents [5] . If the Lyapunov exponent is positive, the system is chaotic; if it is negative, the system becomes stable and converges to a periodically stable state. It is found that stable states appear intermittently in the midst of the chaotic domain. The bifurcation diagram and the corresponding Lyapunov exponents [5] . Figure 10 shows the sound with the value l set to 0.9, which sounds like stationary random noise, and the chilling reaction is less than that of the sound in Figure 2 . This result implies that chaos itself does not necessarily cause chills, but rather that chills are due to the transition in and out of chaos. It was shown that a mathematical model based on the logistic map produces such sounds as are generated by scratching a chalkboard or glass plate with fingernails. This model exhibits chaotic properties, and unpleasant chilling reactions are found to be strongly related to chaotic behavior, particularly the behavior of entering or leaving chaos. The modified logistic model was presented; it possesses the stick-slip property of the frictional motions. However, a psychoacoustic explanation of reactions to such sounds still remains to be understood. ‡ References
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